Coprolites from the Early Cretaceous vertebrate bone-bed at Ariño in Teruel, Spain, were analyzed geochemically and palynologically. They contain various inclusions, such as small bone fragments, abundant plant remains, pollen, and spores. We attribute the coprolites to carnivorous dinosaurs based partly on their morphology together with the presence of bone fragments, and a high content of calcium phosphate (hydroxylapatite) with calcite. Well-preserved pollen and spore assemblages were identified in all coprolite samples and a slightly poorer assemblage was obtained from the adjacent sediments, both indicating an Early Cretaceous (Albian) age. This shows that the coprolites are in situ and also confirms previous age determinations for the host strata. The depositional environment is interpreted as a continental wetland based on the palynoflora, which includes several hydrophilic taxa, together with sparse occurrences of fresh-water algae, such as Ovoidites, and the absence of marine palynomorphs. Although the coprolites of Ariño samples generally are dominated by pollen produced by Taxodiaceae (cypress) and Cheirolepidiaceae (a family of extinct conifers), the sediment samples have a slightly higher relative abundance of fern spores. The distribution of major organic components varies between the coprolite and sediment samples, which is manifest by the considerably higher charcoal percentage within the coprolites. The high quantities of charcoal might be explained by a ground-dwelling species, feeding on smaller vertebrates that complemented its diet with plant material from a paleoenvironment were wild fires were a part of the ecosystem. The state of preservation of the spores and pollen is also more detailed in the coprolites, suggesting that encasement in calcium phosphate may inhibit degradation of sporopollenin.
Introduction
The Río Martín Cultural Park in Spain hosts a site of significant and world-renowned paleontological heritage. An important assemblage of Early Cretaceous fossils has been discovered, including bones and teeth of dinosaurs, fish, turtles, and crocodiles . Understanding the diets of these animals depends on analysis of their teeth, fossilized stomach contents, gastroliths, and coprolites. Significantly, a bone-bed near Ariño (AR-1) has yielded a large number of coprolites, which are the focus of this study.
Coprolites are usually composed of irregular, mineralized material and may contain residues and inclusions that provide direct evidence of the diets of ancient organisms, trophic relationships, physiology of digestion, soft tissue preservation, and diagenetic history (Rodríguez de la Rosa et al., 1998; Chin, 2007) . These inclusions can also be altered through the action of digestive fluids and diagenetic processes; indeed, recrystallization can destroy the morphology of some organic inclusions (Chin, 2007) . The preservational quality of these inclusions also depends on the degree of bacterial decomposition that occurred at the time of burial (Meng and Wyss, 1997) , bacteria that possibly also mediated the phosphatization of the feces (Zatoń et al., 2015) .
Although the coprolite inclusions provide information on the diet of the producing organism, some inclusions can originate from accidental ingestion. For example, pollen grains can be plentiful in carnivorous dinosaurs' coprolites but may have been derived from the diet of the carnivoran's prey. Another source is their adherence to the surface of the fecal matter when it was still fresh and moist (Andrews and Fernández-Jalvo 1998) . In any event, pollen assemblages preserved in coprolites can provide valuable insights into the vegetation of the past ecosystems in which these animals lived, and contribute useful evidence for regional paleoenvironmental reconstructions (Scott et al., 2003; Prasad et al., 2005; Bajdek et al. 2014; Zatoń et al., 2015) . Thulborn (1991) concluded that dinosaur droppings were more likely to survive in environments subject to periodic or cyclic flooding, such as floodplains, swamps, lagoons, and the mudflats bordering lakes and estuaries. During such circumstances, they might be voided on to temporarily dry substrates and at times of inundation; the droppings could be buried rapidly or might be durable enough to survive transport into deeper water. Dinosaur droppings that fell on to dry land in arid environments are unlikely to be incorporated in the fossil record, as they probably tended to decompose and disintegrate entirely by the action of wind, rain, and coprophages (Edwards and Yatkola, 1974; Thulborn, 1991) . However, coprolites can also preserve in marine settings and there are examples of this both in Paleozoic (Nakajima and Izumi, 2014; Zatoń and Rakociński, 2014; Shen et al., 2014) and Mesozoic successions (Eriksson et al., 2011; Khosla et al., 2015) .
This study aims to elucidate the contents of coprolites from the vertebrate bone-bed at Teruel and to identify the animal that left these traces. The results contribute to knowledge of the local geology, the paleoenvironment, the age of the coprolites as compared to the host strata, and to some extent, also provide insights into Early Cretaceous vertebrate dietary habits.
Geological setting
The sampled bed AR-1 hosting the dinosaur coprolites is located in the northern part of Teruel province (in Ariño Valley), approximately 90 km northeast of the city of Teruel, Spain (Fig. 1) . The locality lies within the Ariño municipality and is part of an active open cast coal mine within Río Martín Cultural Park within the Oliete Sub-basin of the Maestrazgo Basin. In 2011, impressive and important bone-beds were identified within the Early Cretaceous successions exposed over an area covering at least 150,000 m 2 ).
The single sampled layer (denoted AR-1; Fig. 2 ) occurs within the middle member of the Escucha Formation and contains vertebrate (dinosaurs, crocodiles, turtles, fish), invertebrate (bivalves, gastropods, ostracods), and plant remains (Martín, 1986; Alcalá et al. 2012; Villanueva-Amadoz et al., 2015) .
The importance of the AR-1 site is that it is the type-locality for eight taxa; the basal iguanodontian ornithopod Proa valdearinnoensis (McDonald et al., 2012) , the basal nodosaurid ankylosaur Europelta carbonensis , the most recent European goniopholidid crocodilians Hulkepholis plotos and Anteophthalmosuchus escuchae (Buscalioni et al., 2013) , the worldwide most recent record of a Pleurosternidae turtle, Toremys cassiopeia (Pérez García et al., 2015) , and the ostracods Rosacythere denticulata, Theriosynoecum escuchaensis, and Theriosynoecum arinnoensis (Tibert et al., 2013) . The Escucha Formation, which ranges from upper Aptian to middleupper Albian (Peyrot et al., 2007; Villanueva-Amadoz, 2009) , is a heterolithic unit comprising sandstones, siltstone, and mudstones alternating with shales and some coal seams (Aguilar et al. 1971; Peyrot et al., 2007) . The continental strata of the Escucha Formation unconformably overlie Aptian marine successions (comprising marls and limestones) and are in turn overlain by the sandstones belonging of the Utrillas Formation (Aguilar et al., 1971; Pardo 1979; Rodríguez-López et al., 2009 ). In recent publications, an Albian age has been invoked for the AR-1 bed within the Escucha Fm at Teruel based on charophytes and palynological analyses (Tibert et al., 2013; VillanuevaAmadoz et al., 2015) . The lower sedimentary succession (SSI) comprises three intervals: (1) a lower limestone-bearing interval, developed on a carbonate platform with broad lagoons; (2) a middle interval with coal-bearing deposits, developed on a linear clastic shoreline with barrier systems and coastal marshes; and (3) an upper muddy interval characterized by mudstones developed in a low-energy coastal setting. According to this framework, AR-1 is placed in the middle interval with coal-bearing deposits. The AR-1 bed has previously been interpreted as the deposit of a permanent coastal alkaline lake that received episodic influence of sea water (Tibert et al., 2013) .
Material and methods

Palynology
Six coprolites from the dinosaur locality AR-1, in Ariño Valley, Spain, were selected for palynological analyses. The specimens were cut in half and one half were processed for palynology according to standard palynological procedures. Additionally, four samples from the host strata, adjacent to the coprolites were studied palynologically. Quantitative evaluation of the palynofloras was based on 200 specimens/sample where possible, and the percentage of each palynomorph taxon was calculated (Table 1) . Palynofacies analysis involved counting the relative abundance of organic particles based on 300 counts per slide. The following palynofacies groupings were distinguished: pollen, spores, wood, plant cuticle, and charcoal (Table 2, Fig. 3 ).
Geochemistry
One coprolite was analyzed geochemically using a Philips PW-1830 X-ray diffractometer and a Philips PW-1404 X-ray fluorescence meter to determine its mineral and chemical components, respectively. All samples were prepared and processed by the technicians at the sample preparation laboratory and the fluorescence and X-ray diffraction laboratory of the Museo Nacional de Ciencias Naturales-CSIC.
Results
Description of the coprolites
The studied coprolites have an average length of 60 mm and an average diameter of 40 mm. They are circular in cross-section, some having two convex ends, but most having one convex and one concave end; the rounded, concave end was probably the first to emerge, whereas the convex end probably represents the trailing terminus of the fecal body (Fig. 3) .
The studied coprolites are concentrated in certain parts of the host bed and internally contain a range of inclusions, such as small bone fragments, abundant plant fragments, pollen, and spores, which provide information on the vegetation of the environment in which the producing animal lived. The bone fragments bear signs of corrosion and are characteristically rounded with polished edges, evidencing heavy digestion. The major axes of bone fragments are 0.05-0.5 mm long. In addition, fossil bacteria are evident through the matrix mainly in the form of iron spherules under scanning electron microscope.
X-ray diffraction, analyses revealed the coprolites to be composed mostly of calcium phosphate (hydroxylapatite) and calcite. X-ray fluorescence analyses show that the coprolites have a high proportion of phosphorous (38.86%) and calcium (40.4%; Table 3 ), both reflecting the calcium phosphate mineralization.
Palynology
The samples yielded a well-preserved medium diversity palynoflora incorporating 38 miospore taxa (20 spore taxa, 16 gymnosperm pollen taxa, and two angiosperm pollen taxa) (Figs. 4 and 5). The coprolites contain 32 miospore taxa, with some variation between the specimens. Additionally, fresh-water algae, fungal spores, and insect cuticle were identified in some of the coprolites. The sediment samples contain a similar miospore diversity (29 taxa). However, these assemblages are less well preserved compared to those of the coprolites. Overall, the assemblages have a slight dominance of gymnosperm pollen over spores; Classopollis classoides and Perinopollenites elatoides are the dominant pollen. This is true for all samples (both coprolite and sediment samples) with the exception of one of the sediment samples that is dominated by spores. The dominant spore taxa are Cyathidites minor and Gleicheniidites senonicus, followed by schizeaceous fern spores. Significantly, a few angiosperm pollen grains were identified both in some sediment samples and in some coprolites (Table 1 ; Fig. 5 ).
Palynofacies analysis
The organic matter in the samples incorporates pollen, spores, wood particles (phytoclasts), plant cuticles, and charcoal ( Table 2 ). The sediment samples are consistently dominated by wood particles followed by cuticles, whereas the organic matter in the coprolites is dominated by charcoal followed by cuticle or pollen (Fig. 6 ).
Age assessment of the samples
Most taxa in the samples are long-ranging such as Cyathidites spp., Gleicheniidites senonicus, Perinopollenites elatoides, Classopollis classoides, Alisporites spp., and Araucariacites australis. However, there are some key taxa, such as Appendicisporites tricornitatus (Vajda, 2001) , which ranges from the Berriasian to Santonian (Couper, 1958; Weyland and Greifeld, 1953) , and Cicatricosisporites cooksonii, which extends from the Bathonian to Albian (Hasenboehler, 1981; Filatoff and Price, 1988; Vajda and Raine, 2010) . Those spores, together with sparse monocolpate and tricolpate angiosperm pollen grains (such as Retitricolpites and Striatopollis), indicate that the palynological assemblage from bed AR-1 within the Escucha Formation can be assigned to the Lower Cretaceous. The oldest record of a tricolpate pollen is a single grain in upper Barremian strata (Phase 4) from England (Hughes, 1994) . This specimen has folds that obscure the aperture hampering a more precise taxonomic determination. Excluding this solitary occurrence, undoubtful tricolpate grains have been described from the early Aptian of the Northern Gondwana floral province: Israel (Brenner, 1996) and Brazil (Heimhofer and Hochuli, 2010) , among others. The striate tricolpate pollen Striatopollis spp. appear in the Aptian in the Northern Gondwana floral province: Brazil (Crato Formation) (Heimhofer and Hochuli, 2010) , Egypt (Penny, 1988 (Penny, , 1991 , and Gabon-Congo (Doyle et al., 1977) , among other localities. In Southern Laurasia (including the Iberian Peninsula), they appear later, from the early Albian, together with other tricolpate pollen (Doyle et al., 1977; Hughes and McDougall, 1990; Doyle, 1992; Heimhofer et al., 2005 Heimhofer et al., , 2007 Friis et al., 2011) . Striatopollis paranea extends from the middle Albian to late Campanian in Laurasia (Singh, 1971; Takahashi, 1997) . However, due to the apparent northward expansion of angiosperms, the species may have appeared earlier in the Iberian Peninsula in congruence with the previously assigned early Albian age based on paleontological studies (Tibert et al., 2013; Villanueva-Amadoz et al., 2015) , and in line with this study.
Discussion and interpretation
The morphological features, chemical composition and the inclusions (bone and plant fragments), suggest that the coprolites were produced by dinosaurs but crocodiles or turtles cannot be ruled out. Thulborn (1991) reported that coprolites that are of appropriate age occur in an appropriate continental paleoenvironment, that are of appropriate size, that contain inclusions that are consistent with what is known of dinosaur diets, and that occur in sediments that contain dinosaur fossils may be attributed to dinosaurs with a fair degree of confidence. The presence of bone fragments, their phosphatic composition and consolidated form demonstrate that the coprolites can be attributed to a carnivore. The droppings of predatory dinosaurs were more likely to be preserved as coprolites than were those of herbivorous dinosaurs, because carnivore droppings tend to be rich in phosphates derived from undigested skeletal debris of their prey (Chin, 2002; Thulborn, 1991) . By contrast, the droppings of herbivores tend to be deficient in phosphates, and their preservation as coprolites depends on mineral enrichment (Bradley, 1946) . The Ariño Valley coprolites contain a mixture of plant and animal inclusions. It is more likely that carnivores had accidentally ingested plant materials along with their prey than habitual herbivores would accidentally consume prey animals (Thulborn, 1991) . This supposition is supported by the fact that these coprolites have similar compositions, based on the X-ray fluorescence analysis, to those of large theropod dinosaurs, such as examples from southwestern Saskatchewan, Canada (Chin et al., 1998) ; Alberta, Canada (Chin et al., 2003) ; and from the Coringa flagstone in the Alcantara Formation, Brazil (Souto and Fernandes, 2015) . These all show high concentrations of phosphorous (26.5-32.9%) and calcium (27.8-47.7%). Thus, the overall phosphatic composition of the Ariño coprolites reflects a carnivorous diet. In contrast, the fecal remains of herbivorous dinosaurs have lower concentrations of these elements (Souto and Fernandes, 2015) . The presence of plant remains in carnivore coprolites is not uncommon. For example, several purported hyenid coprolites from an upper Miocene site in Spain contained Pinus (pine) pollen grains as the most commonly represented tree taxon, followed by deciduous Quercus (oaks), Corylus (hazel), and Betula (birch). The most common herbaceous taxa belonged to Poaceae, Asteraceae (liguliflora-type), Artemisia, and Amaranthaceae-Chenopodiaceae (Pesquero et al., 2011) . These contents are interpreted to derive from plants that were selected as the principal fodder of the herbivores that were consumed by the hyenas. The inclusion of plant material in the studied coprolites might on the other hand also indicate an omnivorous species, which opportunistically complemented its typically carnivorous diet with plants. The size and shape of the Ariño Valley coprolites are similar to those from the Alcantara Formation in Brazil. Their cylindrical and ovoid shapes indicate derivation from a carnivorous vertebrate. Most have one concave, and one convex end, probably corresponding to compartmentalized dropping. This morphology probably resulted from dissociation during defecation (Thulborn, 1991) .
Collectively, the palynological assemblages from the coprolites and the host strata are similar in their taxonomic composition indicating that the local flora is indeed reflected with little or no reworking of the surrounding sediments. The flora is typical of the Northern Hemisphere Mesozoic with ferns dominating the ground cover (Bercovici et al., 2012; Vajda and Wigforss-Lange, 2006) . The canopy was dominated by Taxodiaceae and Cheirolepidiaceae and other arborescent conifers (including Araucariaceae). Tree ferns were subsidiary elements and are abundant from cool temperate to subtropical environments. The depositional environment is interpreted as a floodplain including ponds. This conforms with the paleobotanical evidence from the middle member of the Escucha Formation described by Villanueva-Amadoz (2009), Villanueva-Amadoz et al. (2015) , and Peyrot et al. (2007) who indicated several horizons that yield abundant gymnosperm pollen including "Classopollis, Araucariaceae, Taxodiaceae-Cupressaceae and Alisporites." Our results also agree well with previous palynological studies of sediments from the Ariño site , although no abundance data were presented in that study.
The completeness of the coprolites and their 3-D preservation indicates very fast or immediate burial of the feces after excretion, which possibly also explains the better preservation of the organic matter (including the miospores) within the coprolites than in the surrounding's sediment that was subjected to regional transport. This is supported by previous taphonomic work at this site, suggesting a short transport of paleobotanical remains by water currents .
Interestingly, greater quantities of the organic matter occur in the coprolites than in the sediment samples indicating that pollen, spores, Fig. 3 . Selected coprolites from AR-1, Ariño, Spain photographed before being processed for palynology. Scale bar = 1 cm. A. CO-AR-2; B. CO-AR-5; C. CO-AR-7; D. CO-AR-8.
Table 3
Chemical composition (percentage) of the coprolite determined by X-ray fluorescence. LOI: loss on ignition at 600°C.
Elements
In coporolite (%) and microscopic wood remains (charred and non-charred) were concentrated. This probably occurred as the food passed through the animal. The higher relative abundance of inert charcoal and miospores in the coprolites (compared to the adjacent sediments) also suggests concentration by digestive processes. The fact that non-charred phytoclasts occur in higher quantities in the sediment compared to the coprolites can be explained by the fact that the bulk of non-waxy and non-charred plant material is better preserved if it does not pass the digestive system (involving both a mechanical and chemical break down of cellulose). After deposition of the feces, waxy components such as pollen, spores, and cuticles are also protected from further mechanical and oxidative degradation as they are encased in dense phosphatic cement which leads to our finding of better preservation of palynological matter inside the coprolites. It is noteworthy that samples from AR-1 contain charcoalified plant remains (mainly Cyparissidium and scarce number of Weichselia reticulata) indicating that wild fires were a common feature in the area during the deposition of the successions belonging to the Escucha . The occurrence of Early Cretaceous wild fires are rather well established also from other parts of the world and especially for Europe (Brown et al., 2012; Vajda and Bercovici, 2014) and Weichselia communities (Alvin 1974) .
The higher relative abundance of gymnosperm pollen grains in the coprolites (with the exception of CO-7) is notable. Pollen averages 67% in the coprolites and 49% in the sediment samples; in both cases, cypress-related taxa and cheirolepids dominate. Further, discrepancies are also evident in the high frequency of seed fern (Alisporites) pollen which is present within some of the coprolites but far less commonly in the sediment samples.
The high proportions of wood remains and the high quantities of charcoal and pollen might be explained by a ground-dwelling species, which though primarily carnivorous, feeding on smaller vertebrates complemented its diet with plant material. This is also supported by the slightly higher amount of a few gymnosperm species in the coprolites compared to the sediment which might have been actively foraged. Ground dwelling would lead to the swallowing of soil material containing wood and charcoal as found in the surrounding sediment. If prey animals that fed on coarse woody material were ingested by the dinosaur, it might result in coprolites with considerably higher charcoal content than the surrounding sediment. Active feeding on charcoal has been reported for modern vertebrates in exceptional cases (e.g. for red colobus: Struhsaker et al., 1997; Cooney and Struhsaker, 1997) .
Another possibility would be that the animal fed on partially burned carcasses and/or plant material as the result of a wildfire. Given the recurrence intervals of wildfires, which require not only a suitable climate but also sufficient fuel build up and an ignition source, this could be considered a rare event. The more likely scenario is a carnivore feeding on the stomach contents of a large coarse-plant-feeding herbivore or a small ground-dwelling species consuming material primarily near the substrate. Either of these would result in coprolites richer in charcoal.
The interpretation of the local habitat as continental wetland does not contradict our findings of charcoal in the sediments and in the coprolites, since continental wetlands can still be sufficiently dry seasonally to support wild fires. Continental wetlands also represent high-productivity habitats, capable of supporting an extensive fauna yet seasonably variable (in terms of both temperature and precipitation) to enable recurring fires.
Conclusions
• Well-preserved coprolites from the bone-bed, site AR-1 within the Escucha Formation, Teruel, Spain, possibly derive from a carnivorous dinosaur (although other tetrapods such as crocodiles cannot entirely be ruled out) based on morphology, the presence of internal bone fragments, and the high content of phosphorous and calcium.
• Palynological analysis of coprolites and adjacent sediment samples reveal a well-preserved palynoflora dominated by gymnosperms (mainly cypress and cheirolepid conifers) and ferns but with sparse angiosperm pollen. The assemblage is indicative of an Albian age both for the coprolites and the surrounding sediments indicating autochthonous preservation of the coprolites.
• The preservational mode of the coprolites and the nature and quality of their organic contents indicate rapid burial and suggests that encasement in calcium phosphate inhibits degradation of sporopollenin.
• The significantly higher relative abundance of conifers and seed fern pollen within the coprolites (average 67% for coprolites and 49% for sediment samples) suggests that the animal or its immediate prey actively selected these plants for its sustenance.
• The higher relative abundance of charcoal particles in the coprolites is enigmatic. The combination of high calcium phosphate content, high wood and charcoal content could be explained by an omnivorous, ground-dwelling species feeding close to the ground, or a larger predator feeding on the stomach contents of large herbivores that in turn favored coarse, woody components of mid-to canopy storey plants.
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